Abstract:
Introduction
The potential of rehydroxylation dating as an archaeological tool showed early promised (Wilson 2009; 2012) but has 26 since suffered from an absence of successful applications (e.g. Burakov et al. 2013 ; Le Goff and Gallet 2015a; 27 Numrich et al. 2015) and the identification of a range of issues surrounding the method (e.g. Bowen et al. 2011;  28 Le Goff and Gallet 2015a; 2015b; Gallet and Le Goff 2015; see also the review in Barrett 2015) . These often focus drying will be suggested.
48
The presence and nature of organic matter, lost during heating, are examined using Fourier transform infrared uncertainties (and their age estimation impact) that arise from issues with the organic matter to organic carbon (OM/OC) ratio will be explored.
52
Finally, the effects of reheating on the mineral composition are examined through x-ray diffractometry (XRD) and
53
FTIR.
54
Note that in the associated dating trials both mass gain models, t 1/4 and t 1/n , were applied for reasons discussed in 55 Barrett (2017a) . While the latter was preferred, the age estimations produced using both approaches were problematic.
56
The present work discusses mass loss effects in relation to both, with preference often given to the use of the 
Samples

63
The sample set (see supplementary materials Table S1 and S2) is described in more detail (including compositional,
64
surface area, firing information, origin, context) in the companion article (Barrett 2017a ) and more comprehensively 65 elsewhere (Barrett 2015) . It was composed of 18 samples, including 14 brick samples from the island of Ireland, 2 66 pottery samples from Northern Ireland, and a piece of Roman and Etruscan ceramics; the brick and pottery samples 67 were of post-medieval age (Table S1 ). Samples were retrieved from both buried (9) and non-buried (9) contexts (Table   68 S2). Brick samples (of particular importance as they provided all 12 samples suitable for age estimates in Barrett
69
2015; 2017a) were likely produced from residual/boulder clays (rich in quartz and feldspars and generally low in 70 calcium content) that were well fired above 850°C (Barrett 2015; 2017a 
73
Drying at 130°C was conducted during dating trials (Barrett 2015; 2017a) to remove any non-rehydroxyl moisture 74 from the ceramic (i.e. pore or capillary bulk moisture). Samples had already undergone extensive pre-drying at 75 approximately 80°C for 15 days during preparation before this stage (see Barrett 2015) . For drying, granulated existing literature (see Discussion), it was assumed that samples would dry to constant mass within a reasonable period
80
of time (maximum of a couple of weeks). On a near daily basis, the trays were removed and weighed on a top-loading
81
balance under room conditions of 20 ± 1°C and 78 ± 3%RH. Samples were weighed under a rigid timing regime for 82 two months; it was recognized from the mass loss curves that after a month of repeated measurements equilibration
83
to constant mass appeared unlikely with measurements continued for an additional month to improve the quality of 84 the mass loss curves.
85
Modelling of the drying curves was carried out to provide an estimate of the magnitude of loosely bound water, mlw,
86
not removed during drying (presumed to be removed when samples are reheated at 500°C as part of dating trials).
87
Two empirical models of drying were applied using the curve fitting tool cftool in MATLAB R2012a:
Model 1 (Power): m(t) = a(t -b )+c (a)
89
where a is the mass rate, b is the power of the model, and c is the final dry mass of the ceramic. 
93
The former of these models was trialled based on the emphasis of the prevalence of t 1/2 transport processes in ceramic 94 materials (Brosnan and Robinson 2003) . However, it was found that the ½ power was a poor descriptor of the 95 behaviour observed; hence the power constraint was relaxed.
96
The latter of these two models is derived from Lewis' (1921) thin-layer equation:
98
where X is the moisture content, Xe is the equilibrium moisture content (i.e. 0 for an idealised dry ceramic) and b is 99 the drying constant. Lewis (1921) considered that during drying of porous and hygroscopic materials, the rate of loss 100 of moisture is proportional to the difference between the moisture content and the moisture content when the material is at equilibrium (dry) with the drying environment. 
119
Analysis (identification of events and structures) of the mass loss curve, its first derivative, and ion fragment curves 120 was carried out after smoothing (typically a moving average with n = 11).
121
Carbon Content and Organic Matter Mass
122
Carbon content analysis was carried out at the 14 CHRONO Centre at Queen's University Belfast. For each dating 123 sample, carbon content analysis was carried out on two subsamples of approximately 0.5g powdered form (<63μm); 124 one sample that had been dried at 130°C and another that had been fired at 500°C (these subsamples came from
125
powdering of remaining (typically 10-20g) homogenised sample material not used in dating). Samples were 126 combusted (in the presence of copper oxide and strips of silver) in quartz-glass tubes at 850°C for 8 hours. Then the converted to a mass of carbon using a laboratory conversion factor. The ratio of the mass of carbon to the original 129 mass of the sample was used to calculate the %wt C (carbon).
For each dating sample, this provided two values, the %wt C for the sample dried at 130°C (corresponding to mass 131 mc130+) and the %wt C for the sample heated at 500°C (corresponding to mass mc500+). To obtain the %wt C removed 132 from a sample during heating between 130-500°C (mc) the following equation was used:
134
As part of dating trials (Barrett 2015 (Barrett , 2015b , before the age of the ceramic could be calculated an estimate of the 135 organic matter mass, mom, removed during reheating must be subtracted from the total mass loss during reheating. In
136
order to do this the carbon content must be multiplied by an organic matter to organic carbon ratio, OM/OC: 
156
Special attention was also paid to the region 3000-2800cm -1 where absorption peaks associated with organics were 157 compiled and tabulated.
158
XRD analysis was also carried out on powdered (<63μm) subsamples of both dried (130°C for 3 months) and reheated
159
(500°C for 18hrs) dating samples. Approximately 1-2 g of powder, enough to fill a 16mm diameter holder of depth 160 2.4mm, was required per subsample. X-ray diffractometry was then carried out with a PANalytical X'Pert Pro system 161 using Cu-Kα radiation. Scans were run over the range 3-63° (2) with a step size of 0.0170 (2) and scan step time
162
of 120s (total scan time of 58 minutes per sample).
163
Analysis of the XRD spectra (Moore and Reynolds 1997) was carried out using the powder pattern analysis tool
164
PANalytical X'Pert Highscore Plus (Highscore 2015 
173
The goodness-of-fit results (R 2 and RMSE) of the application of both drying models to the drying mass curves are
174
presented in Table 1 with examples of the modelled fits displayed in Figure 1 
245
The full set of TG-MS curves are provided in Barrett (2015) . A summary of the TG-MS features observed are 246 presented in Table 3 . To illustrate the main heating events in this table associated with CO2 (organic/inorganic carbon) 247 loss, Figure 4 presents the mass spectrometry curve for mass 44 (CO2) with events E-G labelled. The CO2 associated 248 events occur over the temperature regime 200-800°C and are classified as follows:
200-300°C -onset of organic CO2 mass loss.
250
F: 400-500°C -organic CO2 peak ('increasing' implies peak not clear due to overlap with inorganic peak.
251
G: 600-750°C -inorganic CO2 peak (carbonates). 
253
261
Four typical examples of the mass loss due to CO2 (organic and inorganic) are presented in 
Carbon Content
291
The results of carbon content analysis are provided in Figure 6 , presented as %wt C. It can be observed that that the 292 magnitude and presence of carbon is not related to whether or not the sample was retrieved from a buried context. 
307
The effect uncertainties in the OM/OC multiplicative factor (1.4-2.5) have on the age estimates from dating trials are 308 displayed in Table 4 , for both the t 1/4 and t 1/n models. For the examples Joy and Ann, age-temperature curves, which display the age estimations as a function of effective lifetime temperature (ELT), are provided in Figure 8 
350
The complete collection of spectra with tables of peak and mineral identification for all samples using both XRD and
351
FTIR are provided in Barrett (2015) . With the exception of two samples, Mac and Bel, the spectra from XRD and
352
FTIR showed no signs of mineral alteration associated with reheating, see Figure 9 for Ann for the typical level of 353 similarity in the reheated and non-reheated spectra. 
TG-MS Gypsum
419
The TG-MS measurements provided evidence for release of SO2 only for samples Mac and Bel, see Figure 11 for Bel,
420
and with an onset above 650-700°C. mS1-130, and reheating, mS1-500; however, for Mac and Bel, there were considerable differences, see Figure 12 for Mac.
439
The magnitudes (fractional) are provided in Table 5 with a difference of the order of ~ 4 evident. The results of analysis of the region 2800-3000cm -1 for organics are presented in Table 6 , and Figures 13-15 . Table   462 6 presents, for all samples and for reheated and non-reheated spectra, the peak positions (cm -1 ) and a subjective 463 assessment of the strength of those peaks. It also attempts to group the observed peaks. Figure 13 is a typical example
464
of the spectra in the region of interest, 2800-3000cm -1 . Figure 14 , for both non-reheated (blue) and reheated (red).
Incomplete Drying
547
Two models (power-based and exponential-based) were applied to the drying mass loss curves, Figure 1, 
555
The correlation of the modelled remaining mass of loose water with properties with which it would be expected to be 556 associated, for example surface area and pore volume, was examined, 
558
The exponential model was ultimately selected for the reasons above and also because the power-based model was 
566
While the exponential model was selected for use, the authors emphasises that this was borne out of pragmatism and 567 the appropriateness of this model clearly requires more investigation; the quality of the fits produced, Figure 1 , were 568 less than satisfactory, and the confidence intervals were also very large, for example Figure 2 . Nonetheless, its use 569 was deemed the only way to proceed. That the modelled remaining loose water was generally greatest for the high 570 surface area samples, Figure 2 and see Table S .3, is somewhat reassuring and would also explain the greater correlation 
588
Prolonged drying is clearly an issue for RHX dating; its possible presence in previous work was examined, with the 589 conditions of drying and evidence for constant mass or long drying times summarised in 
600
curves that demonstrated that after a period of 2 weeks drying at 100°C constant mass had still not been achieved; 601 however, they do not pursue the matter much further and this was for relatively large samples, 32-96g. Le Goff and duration, finding that for longer drying times or higher temperatures there is an additional/greater mass loss know if, even for the longest drying times used, 14 days, complete drying occurred. From Gallet and Le Goff (2015) 607 there is strong evidence that incomplete drying occurs for the duration used (5hrs) while heating at lower temperatures
608
(60, 85, 105, 130°C) with increases to the next highest temperature producing greater mass loss and mass gain rates.
609
In Zhao et al. (2015) issues with incomplete drying at 110-120°C in unpublished work is stated as prompting the use 610 of a drying temperature of 300°C.
611
In any case, from the above, there is a lack of evidence in the literature that drying to constant mass is actually 
627
drying is a chemisorption driven process and associated with the removal of chemisorbed water during drying.
water removal temperature of 110°C, the lowest for samples where Event B was certain, and well below the drying 631 temperature of 130°C used in mass gain tests.
632
If prolonged drying is associated with chemisorption (with removal of loose water completed at some earlier point)
633
then it may not be necessary to estimate or subtract the quantity mlw if the component based approach proposed by 634 Barrett (2015; 2017) is valid. This approach will not be discussed but provided all physisorbed water is removed then 635 the remaining chemisorbed water not removed is taken account of in its methodology. The implications of this are 636 dealt with in Barrett (2015) .
637
In any case, the present work demonstrates that complete drying is unlikely or impractical using simple oven based 
Carbon Content
644
It can be observed from that carbon (organic) context was significant in all samples regardless of the context of 645 retrieval, varying from 0.0035 -0.5198 %wt, Figure 6 . 
652
2015 for a more detailed review of mass loss temperatures associated with firing of ceramics). This removal appears
653
to peak or plateau in the range 400-500°C, Event F, however is not complete until higher temperatures. This is
654
supported by the FTIR data, Figures 15-16 and Table 6 , where the presence of organics peaks in region 2800-3000cm -655 1 is still strongly detected even after reheating of powdered samples (<63μm) at 500°C for 18 hours. This is an area measured as part of carbon content analysis.
From the FTIR identification in the region 3000-2800cm -1 , four main bands are identified as present in both the non-absent of mineral interference and subjectivity issues associated with other regions (see Reeves III , present only in the non-reheated samples, appears to be only an effect of the broad absorption
662
band ranges assigned to samples in Figure 14 because of uncertainty in the peak and is not considered real. The 663 remaining four peaks, summarised below in Table 8 , together with infrared bond assignments and organic source . These bands are identified as due to bonds associated with organic matter (CH bonds),
666
specifically aliphatic stretching and bending bonds, 
667
(2011) the aliphatic stretching bonds often appear as a pair of doublets (in phase, out of phase) and it appears that two 668 sets of doublets are observed in the present work, Table 6 , one associated with R-CH3 stretching and the other 669 associated with R-CH2-R (R is an unspecified group/molecule attached). 
671
682
In this regard, the strong triplet of peaks observed in this study may be more characteristic of a triplet of peaks 
692
From the above, it can not be clarified whether the source of the organics is humic-related substances or derived from Table 9 . This survey, while not comprehensive,
720
demonstrates that the OM/OC ratio can vary considerably but for all studies falls within the range 1.0-3.0. Notable 
Mineral Alteration
763
The differences between the reheated and non-reheated XRD and FTIR spectra showed no appreciable differences
764
(see for example Figure 9 ) associated with mineral alteration during reheating at 500°C, samples Mac and Bel aside.
765
In associated work (Barrett 2015) , it is demonstrated (using XRD, FTIR, petrography) that all samples, with the 
781
The presence of gypsum and its dehydration during heating at 500°C for samples Mac and Bel is also associated with 782 a large difference between the S1 mass gains, mS1, of the 130C and 500C components (25°C aging), for example 783 Figure 12 and Table 5 , a difference not found to be significant in the other samples (Barrett 2015 following the conversion of gypsum/bassanite to anhydrite, then the magnitude of this difference will also be reflected physisorption is the same for both the 130°C and 500°C components).
790
In 
Conclusion
814
Research conducted within the framework of a larger study examining the mass gain behaviour of archaeological 815 ceramics (predominantly bricks) and the application of an RHX dating methodology (component based approach) has 816 revealed new, or provided a better understanding of, mass loss issues that occur during drying or reheating.
817
In particular, drying of ceramics by conventional (oven) methods requires a prolonged and indefinite period (minimum 818 of months), well beyond that carried out in existing work. Modelling of loose water not removed is a possible solution,
819
however this requires high precision recording of the mass loss curves during drying. Alternatively, if the prolonged 820 drying is due to removal of chemisorbed water, as argued for by the present author, then incomplete drying is not 821 problematic and issues of remaining loose water could potentially be resolved using a component based approach.
822
The organic matter present in samples is a serious concern for RHX dating and its validation. All samples, regardless 
829
Mineralogical changes during reheating were generally negligible and not considered problematic with the exception
830
of samples where gypsum is present. Dehydration of gypsum during heating leads to an unwanted component of mass
831
loss that is difficult to quantify. As well as this physisorption levels (Stage 1) are altered, requiring some alterations 832 of the equations used in age estimations. Screening of samples is recommended in future work.
833
The above mass loss issues all have the potential to adversely affect any future RHX dating trials and will require 834 focussed treatment in future work. Harra (ASEP, QUB).
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